. Brit. J. industr. Med., 26,[202][203][204][205][206][207][208][209][210][211][212][213][214][215][216]. An investigation of lead absorption in an electric accumulator factory with the use of personal samplers. Thirty-nine lead workers and controls, in stable conditions of exposure, each wore personal lead-in-air samplers daily for two weeks. During the second week samples for blood lead, urinary lead, urinary coproporphyrin, urinary 8-aminolevulinic acid (ALA), the punctate basophil count, and haemoglobin were taken daily. Duplicate estimations were made on one day.
Williams, M. K., King, E., and Walford, Joan (1969) . Brit. J. industr. Med., 26, [202] [203] [204] [205] [206] [207] [208] [209] [210] [211] [212] [213] [214] [215] [216] . An investigation of lead absorption in an electric accumulator factory with the use of personal samplers. Thirty-nine lead workers and controls, in stable conditions of exposure, each wore personal lead-in-air samplers daily for two weeks. During the second week samples for blood lead, urinary lead, urinary coproporphyrin, urinary 8-aminolevulinic acid (ALA), the punctate basophil count, and haemoglobin were taken daily. Duplicate estimations were made on one day.
The lead exposures of men doing almost identical jobs differed by ratios of up to four to one. This could be attributed only to personal differences in working habits.
The correlation coefficients and regression equations of the biochemical tests with lead-inair and with each other were determined. The-mean values and 95 % confidence limits of single determinations of some of the biochemical tests corresponding to the two commonly accepted TLVs of lead-in-air (0-20 and 0 15 mg./m.3) were calculated from the regression equations.
For each biochemical test the variation due to analytical error, the variation from day to day within subjects and the residual variation about the regression on lead-in-air were calculated. Previous estimates of the latter are not known. Excessive confidence may be placed in an index of exposure due to its low coefficient of variation within subjects unless the coefficient of variation between subjects about regression is taken into account.
The correction for specific gravity of estimations of lead and ALA in spot samples of urine was found to reduce slightly the residual variation between subjects about the regression on lead-in-air and to increase the correlations with lead-in-air and with the other biochemical tests, but these changes were not statistically significant.
The modified method used for estimating blood lead and urinary lead is described and validated.
Differences between men in susceptibility to lead Goadby, 1912; Hamilton, 1919; Lane, 1949; Kehoe, have been attributed to personal differences in 1962). working habits as well as to personal differences Many writers have found an association between in the metabolic effect of the lead absorbed. The biochemical tests of lead absorption and lead-in-air magnitude of such personal differences in work-concentration, but regression equations andestimates ing habits appears to be unknown (Legge and of some of the sources ofvariation of the biochemical 202 tests are not known (e.g., Dreessen et al., 1941; Elkins, 1959; Kehoe, 1961) . The benefit obtained from correcting urinary lead estimations for specific gravity is controversial (Barnes, 1939;  Levine and Fahy, 1945; Molyneux, 1964; Elkins and Pagnotto, 1965; Ellis, 1966) .
Further information has been obtained from a survey of lead workers.
The survey
The survey was made in a lead-acid battery factory. Personal samplers (Casella & Co., 1966; Williams, Walford, and King, 1968) were worn on the coat lapel by a number of workers every shift for two weeks to obtain accurate estimates of the lead-in-atmosphere concentration to which they were exposed. During the second week blood lead, urinary lead, urinary coproporphyrin, urinary ALA, the punctate basophil count, and haemoglobin were estimated daily, and the estimates on one day were duplicated. Lead workers were sought whose lead exposure was fairly constant and had continued long enough for the biochemical tests to be reasonably stable. The selection criteria adopted were that there had been no change of job within the last year, no recent sickness, holiday or other absence, and no change in overtime or in productivity for six months. The jobs of men selected represented the full range of lead exposure available and did not entail wearing respirators. Of the men in the factory who fulfilled these criteria, the following 40 were chosen: all the six machine pasters (M), all the eight hand pasters (H), all the six hand casters (C) on day work, the first 10 to volunteer of the 15 forming men (F), and the first 10 to volunteer of 18 controls (0) on one shift in two departments (A and B) making plastics. No assembly men were selected because their jobs -and lead exposure -changed frequently. Charging men and machine casters were not included because their lead exposures differed little from those of the controls and hand casters respectively. The element of self-selection in the forming men and controls was thought to be unimportant because the men knew there was no likelihood of their job or their wages being affected, or an illness discovered, as a result of entering the survey. The jobs have been described in detail elsewhere (Williams, 1967) .
The men were studied in four groups of 10. Each man wore one of 10 personal samplers for the whole of each shift, from clocking in to clocking out, including meal breaks and smoke breaks. When changing clothes the sampler was left running near by. Different samplers were worn daily in a randomized sequence. If any sampler failed it was replaced by a spare. At the end of the day the personal sampler filter discs were renewed, the hour meters read, the speeds timed, and the flows calibrated against a standard Gap rotameter (Chloride Technical Services -personal communication) and adjusted where necessary to give a reading within the range 2-0 i 0-2 1./min. (Williams, 1967) . A rotameter flowmeter reads high when the flow -like that of the personal samplers -is pulsating. When the flows of six personal samplers, adjusted to give readings on the Gap rotameter in the range 2l00 + 0-05 1./min., were each measured 10 times by means of the null-point method described by Roach (1966a) , the mean flow rates of the personal samplers ranged from 1-43 to 1-65 1./min., with an overall mean of 1-54 1./min. Calculations are based on the figure of 1-54 1./min.1
During the second week, samples for blood lead (by venepuncture), urinary lead, punctate basophil count, and haemoglobin were collected daily between 1000 and 1100 hours. Another urinary sample for coproporphyrin and ALA was collected daily between 1200 and 1300 hours. To avoid urinary lead samples of low specific gravity, the men were requested to limit their fluid intake before sampling to half a pint the previous night and one cupful for breakfast. Before the urinary lead and blood samples were taken the men washed and changed out of working clothes. The collection of urinary lead samples was supervised by a first-aid attendant. A 5-mi. blood sample for lead estimation was taken with a disposable plastic syringe and de-leaded polythene bottle containing anti-coagulant by one of us (M.K.W.). One experienced State Registered Nurse made a blood slide for punctate basophil count and took a sample for haemoglobin estimation with a 0*02-ml. blood pipette.
Lead-in-air samples were estimated polarographically, and blood lead and urinary lead samples were analysed by the method given in the Appendix, by one of us (E.K.). Urinary coproporphyrin was estimated using the semiquantitative method of Donath (1956) , and urinary ALA using a simplification (Williams and Few, 1967) of the method of Mauzerall and Granick (1956) , by one of us (M.K.W.). Punctate basophil counts were made by one experienced technician using Malcolm's (personal communication) modification of Lane's (1949) method. Haemoglobin estimations were undertaken by the experienced State Registered Nurse using the M.R.C. grey wedge photometer which was calibrated before and after each weekly group of observations. The specific gravity of the urine samples was measured by hydrometer.
Duplicate estimations were made of the biochemical tests on Wednesdays. For the punctate basophil count and haemoglobin duplicate samples were taken, one from each ear, and estimated 'blind'. For the other biochemical tests it was thought that sampling errors would be small compared to analytical errors, and that duplicate urinary samples might have low volumes, so duplicate estimations of single samples were made.
Results
Of the 40 men studied, one withdrew after eight days due to a foot injury. The results obtained from the remaining 39 men were as follows.
Personal samplers
Of the 390 total possible lead-in-air results, 387 were accepted. Two lead-in-air samples from a control were missed due to sickness absence, and one lead-inair result was more than 10 standard deviations higher than the mean of the other nine samples from the same man and so was rejected as unreliable.
Differences in lead exposure between departments, between men, and between days were calculated in terms of the mass of lead found on the filter discs. For association with the biochemical tests, lead exposure was expressed as 'the mean eight-hour lead-in-air concentration', in mg.Pb/m.3; the mean daily mass of lead in mg. found on each man's 10 filter discs was divided by 0 74 im.3, the volume of air which would have been sampled in eight hours at 1P54 1./min. Biochemical tests Excluding the second estimation of the Wednesday duplicates, each of the biochemical tests had a possible total of 195 results.
The results from 144 of the blood samples were accepted, though one was collected two hours late owing to sickness absence. The samples from the men in the first group (comprising six casters and four hand pasters) were thought to be contaminated (Williams, 1967) and all 50 were rejected. Another batch of sample bottles was used for the remaining groups. One sample was lost during analysis.
The results from 182 urinary lead samples were accepted. One sample was missed due to sickness absence, one was lost during analysis, two results were rejected as contaminated, and nine had specific gravities less than 1-010 and were rejected (Barnes, 1939; Webster, 1941; Molyneux, 1964) . Each urinary lead estimation was corrected to a standard specific gravity of 1 024 (Levine and Fahy, 1945; Elkins and Pagnotto, 1965 The mean daily mass of lead found on the filter discs in each department was calculated. There were highly significant differences (P < 0-001) between all departments except plastics departments A and B (0-02 < P < 0 05) and between forming and hand pasting where the difference was not significant (Table 1) . Between men Analyses of variance of the daily mass of lead found on the filter discs were carried out to test overall differences between individual men within departments. Highly significant differences (P <0001) were found between machine pasters, between hand pasters, and between forming men. No significant differences were found between men in other departments.
In departments where overall differences were statistically significant, the individual differences between pairs of men within the departments were tested for significance by the Newman Keuls method using the studentized range. This method was used because comparisons between specific individuals were not planned in advance, and if the ordinary t-test is used to test large numbers of differences some significant results are likely to occur by chance. Table 2 shows the significance of the differences of the mean daily mass of lead found on the filter discs of machine pasters, hand pasters, and forming men.
Between days Analyses of variance showed differences between days to be very significant (0-001 < P <0-01) in casting and significant (0- (Table 3 ). Such differences might be caused by differences between personal and static sampling.
Differences between men Differences between men in susceptibility to lead have been widely discussed and have been attributed to personal differences in working habits as well as to personal differences in the metabolic effects of lead absorbed (Legge and Goadby, 1912; Hamilton, 1919; Lane, 1949; Kehoe, 1962) . However, objective evidence of such differences in working habits between men doing similar jobs is not known. In the present survey, machine pasters -excluding leading hands -rotated jobs equally several times daily and rotated between the two machines weekly. Hand pasters changed plate type and bench position daily, and were paid according to the numbers of plates pasted, up to a weekly maximum -a 'medical ceiling' -which all men achieved. The foreman of the forming department said he allocated jobs equally among all forming men. These men were on piece-work and would have objected if the work had not been allocated fairly, and there was no marked difference in their earnings. Thus differences in lead exposure found between men within each of these three departments were probably due to differences in individual working methods and not to differences in type and quantity of work dose.
Differences between hand pasters have also been found in a previous investigation (Williams et al., 1968b) .The absence of differences between men in the casting and plastics departments suggests that lead exposure in these departments depends on thegeneral atmosphereratherthan on personalworkingmethods.
It can be seen from Table 2 that in machine pasting the exposure of the 'dirtiest' worker is twice that of the 'cleanest', in hand pasting the ratio is four to one, and in forming the ratio is two-and-ahalf to one. All these men were selected as suitable for lead work at pre-employment interviews by personnel and medical departments from highquality applicants. Subjective ranking by their respective foremen of hand pasters and forming men for 'cleanliness of working' was compared with the results of objective ranking based on the personal sampler results. Spearman-Rank correlation coefficients of 067 and 079 respectively were obtained. Since the numbers of men were small, the former figure is not statistically significant, but the latter figure is significant at the 0 01 level, which suggests that selection has value. An unselected population would therefore be expected to show even greater differences between men than those demonstrated. Differences between days Differences in lead exposure between days were also found in a previous investigation of hand-pasters (Williams et al., 1968b) . The cause of these differences is unknown. Figure 1 . The scatter diagrams suggested that all the biochemical tests except haemoglobin were positively correlated with lead-in-air.
The linearity of the regression of each biochemical test on lead-in-air was tested. None of the relationships was curvilinear at the 5 % level of significance. The correlation coefficients and regression equations were calculated (Table 4) , and the regression lines drawn on the scatter diagrams. All the correlation coefficients, except that of haemoglobin, were significantly greater than zero (P <001). The regression equations oflead-in-air on the biochemical tests were calculated so that lead-in-air can be estimated from the biochemical tests. Abbreviations as in Table 3 .
Values of the biochemical tests which correspond to the TLVs of lead-in-air The maximum allowable concentrations (MACs) or threshold limit values (TLVs) commonly suggested for inorganic lead are 0-15 mg./m.3 (Russell, Jones, Bloomfield, Britten, and Thomson, 1933; Dreessen eta., 1941 ; the American Public Health Association, 1943b) and 0-20 mg./m.3 (Lane, 1931; Elkins, 1959; American Industrial Hygiene Association, 1960;  the American Conference of Governmental Industrial Hygienists, 1965) . (Kehoe, 1961; Hofreuter, Catcott, Keenan, and Xintaras, 1961; Goldwater and Hoover, 1967; Watson and Larson, 1947; Haeger-Aronsen, 1960a; Zielhuis, 1961; Goldberg, Smith, and Lochhead, 1963 (Williams and Few, 1967 Abbreviations as in Table 3 . Lane, 1949; Shiels, Palmer, Cornish, and Kearley, 1953; Zielhuis, 1958) .
The mean haemoglobin of all workmen was 105 % Haldane, or 15-5 g./100 ml. (100% = 14-8 g./100 ml.). Documenta Geigy (1962) gives a mean of about 16-0 g./100 ml. for peripheral venous blood in males, and states that the exact figure depends on the haemoglobinometer used.
Associations of the biochemical tests with lead exposure Lead absorption may be influenced not only by lead exposure -estimated here by personal sampler -but also by such factors as the respiratory minute volume of the man and the particle size and solubility of the lead dust to which he is exposed. Figure 1 does ( Table 5 ). The latter is somewhat less than Kehoe's (1965) 'MAC' of 80 ,g./100 g. but the upper 95% confidence limit of a single determination, 92 ,ug./100 ml., is considerably higher. Similarly, a lead-in-air of 0-2 mg./m.3 gives the following: a corresponding urinary lead of 143 ,g./l., which is less than the value of 200 ,ug./l. expected by Elkins (1959) but is similar to Kehoe's (1962) 'safe mean' of 130 ,ug.fl.; a corresponding urinary coproporphyrin of 4-2 Donath, somewhat below the level of 5 which Donath (1956) said indicated high lead absorption requiring blood lead and urinary lead estimation, and considerably less than the level of 1,000 ,g./l. which Elkins (1959) said was a warning not to be ignored; and a corresponding urinary ALA of 1-8 mg./100 ml., somewhat above the figure of 15 mg./100 ml. which Cramer (1966) accepted as the 'hygienically permissible normal limit', and above the figure of 1-3 mg./100 ml. which Haeger-Aronsen (1960b) found to be equivalent to a urinary lead of 150 pg./l. (Again, estimations of ALA using the method of Williams and Few (1967) The total variation of individual readings could be divided into the variation due to analytical error, the variation between subjects, and the variation from day to day within subjects.
Analytical variation
Analyses of variance of the duplicate estimations of the biochemical tests were carried out. Duplicate estimations of blood lead samples from the first group of men were included, three Wednesday duplicates -assumed to be contaminated -being replaced by Thursday duplicates. Urinary lead duplicates were not corrected for specific gravity. There was no statistically significant difference in the mean value between the first and second estimation, except in the cases of blood lead and urinary coproporphyrin. Of the 38 blood lead pairs there was a mean increase of 1-66 ,tg./100 ml. between the first and second readings, which was significant (0 001 < P < 0 01). This could have been due to contamination of samples during removal of portions for the first estimations. Of the 39 urinary coproporphyrin pairs there was a mean decrease of 0-12 Donath units between the first and second readings, which was fairly significant (0-01 < P <0 05). This could have been due to deterioration of coproporphyrin from exposure to light during estimation (Holecek and Pnickovai, 1957) .
Estimations of the analytical variation, measured by the standard deviation and coefficient of variation, are shown for each biocheAmical test in Table 6 , together with their standard errors. The coefficients of variation of haemoglobin and blood lead were small, those of urinary lead, coproporphyrin, and ALA were larger, and those of the punctate basophil count were very large.
Between and within subjects variation Analyses of variance of the daily readings of each biochemical test were carried out. The variation between subjects was largely due to differences in Table 3 .
lead exposure and could be separated into two components, one due to the regression of the biochemical variable on lead-in-air, and the other the residual variation about the regression line. The regression coefficients had been calculated from the individual mean values, and to make the residual variation comparable with the variation within subjects the residual variance was multiplied by 5 when there were no daily readings of the biochemical test missing, and by a factor ranging from 4-2 to 4 9 when readings were incomplete. These factors were derived by dividing the between subjects sum of squares, calculated on single daily readings, by the between subjects sum of squares calculated from the individual mean values. Table 6 shows for each biochemical test the variation within subjects from day to day and the residual variation between subjects about regression, expressed both as the standard deviation and as the coefficient of variation. The standard errors of both these measures of variation are also shown. The within subjects coefficient of variation is very low for haemoglobin, intermediate for blood lead and urinary coproporphyrin, higher for urinary ALA and urinary lead, and highest for the punctate basophil count.
The between subjects coefficients of variation are higher. For haemoglobin it is small, for blood lead it is intermediate, for urinary coproporphyrin and urinary lead it is high, and for urinary ALA and the punctate basophil count it is very high.
Associations of the biochemical tests with each other Scatter diagrams (e.g., Fig. 2 Correlation coefficients for all pairs of tests were calculated and are shown in Table 7 . Every correlation coefficient was significantly greater than zero (P <0 01) with the exception of each of those of haemoglobin. Blood lead correlated well with urinary lead (0.90) and decreasingly with urinary coproporphyrin (0.79), urinary ALA (0-68), and punctate basophilia (0-54). The corresponding correlation coefficients of urinary lead were similar, except that with urinary coproporphyrin (0 68) was slightly lower. Urinary coproporphyrin correlated most highly with blood lead (0 79) and urinary ALA (0-74). Punctate basophilia correlated most highly with urinary ALA (0 59). Haemoglobin correlated with nothing better than with blood lead (0-16), and this correlation coefficient was expected to be negative.
The regression equations were calculated for all possible pairs of tests with the exception of haemoglobin which was omitted because none of its correlation coefficients was significantly different from zero. The results are shown in Table 8 . The regression lines drawn on the appropriate scatter diagrams are shown in Figure 2 . Discussion Sources of variation The common belief that urinary lead and punctate basophilia have a high variability, and that blood lead has a low variability, is consistent with the findings of the within subjects variations, which is partly due to the analytical variation.
Previous estimates of residual variation of the biochemical tests between subjects about regression are not known. The present findings indicate that only haemoglobin has a low variation between Abbreviations as in Table 3 . Abbreviations as in Table 3 .
subjects about regression. The possibility arises that, unless the variation between subjects is taken into account, excessive confidence may be placed, for example, in blood lead as an index of exposure, due to its low variation within subjects. In order to reduce the effect of variation within subjects, more samples may be taken. It can be seen that urinary lead, urinary ALA, and the punctate basophil count will gain most. In the case of urinary samples, analysis will be simplified if several daily spot samples are pooled, or collected cumulatively. This is analogous to the collection of 24-hour samples, but, in industry, it is easier to arrange.
Associations of the biochemical tests HaegerAronsen (1960b) obtained correlation coefficients of 0 92 between urinary lead and ALA, 0 68 between urinary lead and coproporphyrin, and 0-37 between urinary lead and punctate basophil count. The first of these is higher than 0-68 found here possibly because Haeger-Aronsen studied more workers exposed to a wider range of lead absorption. Cramer and Selander (1965) In addition to factors such as respiratory minute volume and particle size already mentioned, the correlation of the biochemical tests with lead exposure estimated by personal sampler might be influenced by the nose-lapel distance of the sampling head, and by the oral ingestion of lead, both occupational and dietary, of the men in the survey. It is not known whether these factors, or 'metabolic' differences between men, were major contributors to the residual variation of the biochemical tests between subjects about regression. But it is of interest that both blood lead and urinary coproporphyrin were found to correlate as highly with lead-in-air (0 90 and 0-82 respectively) as they did with other biochemical tests (Tables 4 and 7) .
Correction for specific gravity of urinary lead and urinary ALA estimations
Of the 195 total possible samples collected between 0900 and 1000 hours for urinary lead, four were of low volume, one was missed and one was lost, as described previously. The mean specific gravity of the remaining 189 samples was 1 0198. Excluding the nine samples with specific gravity less than 1010 (Barnes, 1939; Webster, 1941; Molyneux, 1964) , the mean specific gravity was 10205. The mean specific gravity of 195 samples collected between 1200 and 1300 hours for urinary coproporphyrin and ALA was 1 0227 or 1 0228 excluding the two samples of specific gravity less than 1-010.
The variation within subjects from day to day and the residual variation between subjects about regression were calculated for urinary lead not corrected for specific gravity and urinary ALA corrected to specific gravity of 1 024, and compared with the corrected and uncorrected results, respectively, already described. The results, given in Table 9 , show that correction for specific gravity reduced the variation within subjects of urinary ALA but not of urinary lead. The reduction of the former was significant at the 50% level. Correction for specific gravity reduced the variation between subjects of both urinary lead and ALA, though neither difference was significant at the 5 % level.
The correlation coefficients of uncorrected urinary lead, and corrected urinary ALA, with lead-in-air and the other biochemical tests were calculated and (Kehoe, Thamann, and Cholak, 1933; Barnes, 1939; Kehoe, Cholak, Hubbard, Bambach, McNary, and Story, 1940; Pinto, Elkins, and Ege, 1941; Webster, 1941; Molyneux, 1964; Elkins and Pagnotto, 1966). Correction for urinary specific gravity was recommended by Levine and Fahy (1945) , Molyneux (1964) , and Elkins and Pagnotto (1965) but not by Ellis (1966) , who studied the variation within subjects of serial (consecutive) samples from five hospital in-patients. Urinary ALA excretion has been expressed in terms of time, volume, and creatinine concentration (Haeger-Aronsen, 1960a; de Kretser and Waldron, 1963; Cramer and Selander, 1967 ) but apparently has not been corrected for specific gravity though Rainsford (1961) suggested the procedure for urinary coproporphyrin.
Unlike the collection of 24-hour samples and the estimation of creatinine, measurement of specific gravity is simple and readily adopted in a screening test of lead workers. The present results, though not statistically significant, suggest that some benefit may be obtained when spot samples of urine for lead and ALA estimation, taken at the same times of day, are corrected for specific gravity. If samples having specific gravity less than 1010 are to be excluded, the specific gravity must be determined in any case.
The standard specific gravity chosen varies. In the United States the figure of 1 024 has been found in men at work by Levine and Fahy (1945) and is still used (Elkins and Pagnotto, 1965) . Rainsford (1961) in Eire and Buchwald (1964; 1965) in England recommended a specific gravity of 1-016 but the former study was based on 24-hour samples and in neither study were the samples collected specifically from men at work. In the present survey the mean specific gravities at 0900 to 1000 hours and 1200 to 1300 hours were about 1-020 and 1 022 respectively, though the former result may have been influenced by the request to limit excessive fluid intake beforehand.
The absolute value of the standard chosen matters only when corrected and uncorrected results are compared, an uncommon occurrence. But the value of the standard has considerable relative importance when the findings of different investigators are compared. For example, a urinary lead estimation of 200 ,ug./l. corrected to 1-024 would be 133 ,ug./l. corrected to 1-016. For these reasons it seems desirable that the standard originally adopted by Levine and Fahy (1945) The correction, for specific gravity, of estimations of lead and ALA in spot samples of urine was found to reduce slightly the residual variation between subjects about the regression on lead-in-air and to increase the correlations with lead-in-air and with the other biochemical tests, but these changes were not statistically significant.
